Abstract. Two hypotheses concerning the relative importance of different acoustic features in species-song recognition were examined. The invariant-features hypothesis predicted that a feature' s accuracy in song recognition is inversely proportional to its intraspecific variability, as expressed by the coefficient of variation. The sound-environment hypothesis assumes that both variability and a feature' s central tendency relative to other species in the local acoustic environment determine a feature' s importance in species-song recognition. These hypotheses were compared in an acoustic analysis of 14 features of songs of two focal species, the Field Sparrow (Spizella pusilla) and Chipping Sparrow (S. passerina), and 11 other species found in open habitats in the eastern United States. In both focal species, maximal note frequency was one of the two least-variable features within conspecific song, and the most accurate single feature in classifying songs in a canonical discriminant analysis. In neither species was a feature' s accuracy in classifying songs correlated with its relative variability within conspecific song. These results, in conjunction with recent experimental studies, contradict the common assumption in the literature that invariant features provide the most important song recognition cues.
INTRODUCTION
Breeding birds must recognize their own species' song against a background of songs from many other species. For north-temperate songbirds this is particularly true during the "dawn chorus" when song activity is at its daily peak. The attributes of song used in species recognition have been extensively studied (reviewed in Becker 1982). Two hypotheses have been advanced to predict which attributes songbirds use to discriminate conspecific songs from the songs of other species occurring in the same habitat.
One hypothesis predicts that song features that vary little intraspecifically (hereafter referred to as "invariant features") will be preferentially used in song recognition (Marler 1960 ently used by the birds, and a recent study has shown that variable features are used in species recognition by Eurasian Blackbirds, Turdus merula (Dabelsteen and Pedersen 1985). These results raise questions about the predictive ability of the "invariant-features hypothesis."
A second hypothesis, hereafter referred to as the "sound environment" hypothesis, emphasizes the relationship between a species' song and the songs of sympatric species in "acoustic space" (Marler 1960; Emlen 1972; Bremond 1976 Bremond , 1978 Dabelsteen and Pedersen 1985) in predicting which features provide accurate song-discrimination cues. Acoustic space is a multidimensional representation of song structure, formed by measurements describing song (e.g., frequency, song duration). The sound-environment hypothesis assumes that variation is only one component of species distinctiveness; the other component is the separation between mean values (or other measure of central tendency) of different species along whatever acoustic dimensions are believed to play a role in song recognition (Miller 1982 Peters et al. 1980 ). However, the most difficult song-discrimination problems do not necessarily arise among congeneric species. My goal in comparing sympatric close relatives was to examine, in light of the two hypotheses just described, whether species differences in the use of song-recognition features were predictable, and whether invariant features were also necessarily the best cues for discrimination.
Here I employ a canonical discriminant analysis to identify song features that discriminate Field Sparrow or Chipping Sparrow songs from those of 12 other species. Discriminant analysis is a multivariate technique that reduces a set of variables to a smaller set of variables that maximally separate groups, in this case, species. I use it here to model the process of acoustic pattern recognition in a local community of birds. One component of pattern recognition is feature extraction, the process of identifying a smaller set of variables that efficiently describe the stimuli, yet are capable of distinguishing stimuli belonging to different classes (e.g., conspecific vs. heterospecific song). Thus, feature extraction involves a reduction of dimensionality in which some potentially misleading or distracting information is discarded, while perceptually important distinctions are preserved (Howard and Ballas 1981, Schleidt 1982).
METHODS

SONG RECORDINGS
In addition to Field and Chipping sparrows, 11 other species were chosen to be studied because they were commonly found in old fields in Dutchess County, New York, and most had a simple song structure that could be described by a few measurements. Representative sonograms of songs from each species are shown in Figure  1 . The Rufous-sided Towhee (Pipilo erythropthalrnus) and Song Sparrow (Melospiza melodia) were exceptional in that many syllables comprising their songs had a complicated structure composed of many elements (see below). Towhees were added to the analysis after four towhees approached some of the initial song playback tests I made to male Field Sparrows (Nelson 1988) . Prairie Warblers (Dendroica discolor) sing two or more song types (Nolan 1978 digital Fourier transforms were used to produce the plots for temporal and frequency measures, respectively. Measurements were made with a graphics cursor. Fourteen variables were measured on each song (Fig. 2) . Three variables (song duration, number of phrases, and number of notes) described the entire song. A note was defined as a sonogram tracing not interrupted by more than 3 msec of silence. A syllable was defined as a repeated unit composed of one or more notes. A phrase was defined as a sequence of repeated identical syllables (trill) or a sequence of unrepeated notes. Thus, for a song to contain two or more phrases, it had to contain at least one trill.
A limitation of multivariate statistical methods is that they require complete data for each observation. Because some species sang songs composed of only one syllable type, I could only include one note or syllable from each song. To include replicate measurements of identical syllables would create problems due to singular group covariance matrices in the discriminant analysis. I randomly chose one phrase from each song, and selected one syllable or note from it for measurement. Notes were chosen from the middle of trill phrases and were randomly-chosen from nontrill phrases.
I tried to devise a framework that represented acoustic variation across a diverse sample of notes. After preliminary visual examination of sonograms, 1 measured note duration, internote interval, and number of elements within a note (Fig. 2 ). An element was defined as a note subunit with nearly constant rate of frequency modulation, separated from other such units by a "marked" change in FM. Marked changes in FM were judged visually, and were usually obvious, although some Northern Cardinal and Tufted Titmouse elements consisted of frequency sweeps in which the FM rate changed constantly at a uniform rate, thereby describing a semicircle on a sonogram. These were coded as one element. Most of the species considered here sang syllables composed of one note. For those species in which syllables were made of two or more notes separated by silence, I ignored the intrasyllable internote intervals, and measured the variables described below on the first two elements within each syllable.
Four variables were measured on each of the first two elements within a note: maximal and minimal frequency, element duration, and rate of frequency modulation (FM). The four frequency variables measured on each note proved to be highly correlated. In all subsequent analyses I used two frequency variables: note maximal and minimal frequency. To preserve information about the direction of FM, frequency upsweeps were coded as positive rates, and downsweeps as negative rates. A constant was added to FM rates prior to their being log-transformed. All variables except number of elements and number of phrases were log-transformed to better approximate normality and equal variances. A limitation of this system is that it did not fully describe the element structure of notes with more than two elements. Ninety-five percent of Chipping Sparrow, Field Sparrow, and Prairie Warbler notes had one or two elements, but only 5 1% of the remaining species had two elements or less. Single-element notes (28% of 347 notes) were bisected, and element durations and frequencies were measured as ifthe notes were composed of two elements each with half the total note bandwidth and duration.
The null hypothesis that the relative variation across all 10 transformed variables was the same was tested with a Kruskal-Wallis nonparametric ANOVA with each variable treated as a group. Pair-wise comparisons between variables, with P < 0.05 were made using the procedure described in Conover (1980). The mean rank of each group in the ANOVA was used to order variables by their relative variability.
STATISTICAL ANALYSES
Relative variation. I used Levene' s median-ratio test (Sokal and Braumann 1980, Schultz 1985)
to compare relative variation within species of three song variables and seven of nine note variables. Duration and FM rate of the second element within a note were excluded from the analysis because their coefficients of variation were nearly identical to the corresponding measurements made on the first element. Fifty-one Chipping Sparrow songs and 60 Field Sparrow songs were used. Schultz (1985) recommended Levene' s test using the median as a measure of central tendency as a robust test ofrelative variation. Each variable is transformed as: Distinctive features. To test whether songs recorded in Dutchess County differed from songs obtained from other sources, two-group discriminant analyses using all 14 variables were performed for each Group I species. I had too few recordings for the remaining species to perform this check.
To equalize sample sizes across species, half the songs from each primary species were randomly allocated to one of two sets: a modeling set, and a validation set. The modeling set was combined with all songs from the seven remaining species for use in the discriminant functions analysis to find variables that effectively discriminated either Chipping Sparrow or Field Sparrow song from songs of the other species. The validation set was reserved for testing the predictive ability of the model derived from the modeling set.
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Canonical discriminant analysis was used to identify song features that distinguished the songs of either target species (Chipping Sparrows or 
Field Sparrows) from the other 12 species. Discriminant analysis is a two-step technique, consisting of identifying and interpreting intergroup differences, and then classifying cases into groups predicted by the analysis (Klecka 1980). I used separate group-covariance matrices and assumed equal prior probabilities of group membership in classifying cases (SPSS 1986).
It seemed most reasonable to model this as a two-group, conspecific song vs. alien song discrimination problem. However, discriminant analysis does not perform optimally when a group, in this case the alien-song group, has a multimodal distribution. Therefore, the discriminant functions were calculated for all 13 groups (species) but decisions on whether to add or delete a variable from the model were based solely on the variable' s contribution to accurately classify songs as conspecific or alien. This was achieved by collapsing the 13 x 13 classification matrix that resulted from an analysis into a 2 x 2 matrix (conspecific x alien). Off-diagonal entries in the 2 x 2 matrix were considered to be classification errors. The analysis was done separately for Field Sparrows and Chipping Sparrows as the target conspecific species. The goal for both species was to derive the simplest statistical model that maximized the percentage of songs correctly classified.
The procedure of deriving a discriminant model and classifying cases was repeated, adding and deleting variables one by one to assess how important each was in accurately classifying songs. Finally, each of the 10 variables was used singly in a discriminant analysis to measure how effective each was in classifying songs. Table 1 small incremental improvements in discrimination performance resulting from the addition of variables to the model is consistent with the additive-redundant model of song recognition of Shiovitz and Lemon (1980) . While the methods employed in this study yielded very good recognition performance, one assumption of the method deserves comment. This concerns how closely the discriminant model resembles the psychological processes involved in song recognition. In particular, the model assumes that a Field Sparrow, for example, stores representations of conspecific song as well as prototypes of alien songs, and that a stimulus is compared to each prototype, before a "decision" is made about the species identity of the stimulus. While there is behavioral and neurophysiological evidence indicating that a stimulus' similarity to a bird' s own song is an important determinant ofresponse strength (Margoliash 1983 (Margoliash , 1986 McGregor et al. 1983 ; MacArthur 1986), the assumption that other species' songs are also memorized is an open question.
RESULTS
RELATIVE VARIATION
Discriminant analysis is a multiple-distance model, whereby a song to be classified is compared to each prototype, and classified as the species to which it is closest. An alternative, single-distance model, involves comparing a stimulus only to a prototype of conspecific song. Recognition as conspecific song occurs if the stimulus is within a certain tolerance of the prototype, as in the signal variation tolerance model of Shiovitz and Lemon (1980). However, there is no way to know a priori what the appropriate tolerance should be. Instead, these tolerances must be measured empirically (Nelson 1988 I simulated a single-distance recognition model using this data set. A song was classified as a Field Sparrow if its measurements on the seven features used in the Field Sparrow model (Table  4) were all within two standard deviations of the species mean. Ninety-three percent of the 347 songs were correctly classified. Only 86% and 85% were correctly classified when the tolerances were one and three standard deviations respectively. One-standard-deviation tolerances were too narrow, and missed Field Sparrow songs, while three-standard-deviation tolerances were too wide. Thus there appears to be a good match between the bird' s behaviorally-measured tolerance of song variation, and the statistical limits of variation that yield maximal classification accuracy in a simulation. What is needed, obviously, are experiments that distinguish the comparative-and single-distance models. 
